Abstract: Knowledge of the techniques employed by artists, such as the composition of the paints,c olour palette,a nd painting style,i so fc rucial importance not only to attribute works of art to the workshop or artist but also to develop strategies and measures for the conservation and restoration of the art. While much researchhas been devoted to investigating the composition of an artistsmaterials from aqualitative point of view,l ittle effort has been made in terms of quantitative analyses.T his study aims to quantify the relative concentrations of binders (acrylic and alkyd) and inorganic pigments in different paint samples by IR and Raman spectroscopies.T o perform this quantitative evaluation, reference samples of knownc oncentrations were prepared to obtain calibration plots.I nafurther step,the quantification method was verified by additional test samples and commercially available paint tubes.T he results obtained confirm that the quantitative method developed for IR and Raman spectroscopyi sa ble to efficiently determine different pigment and binder concentrations of paint samples with high accuracy.
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Inthe last few decades,t he field of heritage science of contemporary art has become very important at the international level due to the importance of preserving modern cultural heritage with suitable science-based treatments. [1] With the development of synthetic organic chemistry at the beginning of the 20th century,many different kinds of organic materials have been used for the creation of artistic objects; among the most employed in the field of art are alkyd and acrylic polymers that are largely used as binders.A lkyd binders are oil-modified polyester resins made up of ap olyhydric alcohol (or polyol) and ap olybasic carboxylic acid. [2] Them ajority of alkyd paints uses glycerol or pentaerythritol as apolyol and phthalic anhydride as the polybasic acid. The addition of oil and free fatty acids allows af lexible polymer suitable for ap aint film to be obtained. [3] Due to their low costs and fast drying times combined with good optical properties,t hese polymers have become the modern substitutes of traditional drying oils. [4] However,the most common and versatile synthetic polymers are the acrylates.A crylic copolymers,u sually composed of methyl methacrylate (MMA) and either ethyl acrylate (EA) or n-butyl acrylate (nBA), are often used as painting binding media. [2] Their stability,e xcellent optical and mechanical properties,a nd rapid drying have made them the most used synthetic polymeric binders in the field of art materials. [4] Thes ynthetic inorganic pigments chosen in this study, namely,artificial ultramarine blue,hydrated chromium oxide green, and cadmium sulphide,represent 80 %ofthe inorganic pigments presently used in the world. [5] Compared to dyes of organic origin, they are made of grains of insoluble materials in ad ispersing phase,f orming as uspension of different consistency. [6] Thet hree pigments selected possess high chemical and physical stability,making them the most suitable pigments for quantitative analysis. [7] Theq ualitative identification of binders and pigments in paints by non-invasive analytical techniques is currently highly elaborated. [8, 9] Methods such as IR and Raman spectroscopies,a sw ell as X-ray fluorescence,w hich does not require sample removal from the art object and allows investigations in situ, are the methods of choice for qualitative analyses of pigments and binders. [8] [9] [10] Concerning the quantification of paint mixture components and their ratios by non-invasive techniques,r elatively little research has been done. [11, 12] Theaim of this study was to explore the potential of ATR (attenuated total reflectance)-FTIR and Raman spectroscopies to quantify the relative concentrations of pigments and binders in paint samples.S amples of known pigment and binder concentrations were prepared and analysed by ATR-FTIR and Raman spectroscopies in order to find af itting quantification method. In af urther stage,c haracteristic spectral features that may act as signatures for the composition of pigment and binder had to be defined. To create calibration curves,t he integration method to obtain the spectral band areas ascribed to different pigments and binders had to be evaluated. As aproof of concept, the quantification method was tested by additionally prepared samples and ac ommercially available paint tube,w here we could show that the proposed method can be used to quantify the composition of two-component paint mixtures.
To obtain detailed information about the pigments and binders under consideration, their chemical identification is necessary.T his evaluation is not only important for qualitative analysis but also fundamental for developing af itting quantitative method. In the first step,t he pure pigments (PG18, PB29, and PY37) and binders (alkyd and acrylic) were analysed by ATR-FTIR and Raman spectroscopies (see the Experimental Section, Table S1 and Figures S1-S4 in the Supporting Information), and the chemical species identified (Table 1, Table 2, Table 3 , Table 4 ).
During the qualitative analysis,differences between ATR-FTIR and Raman spectroscopy measurements are observed, depending on the type of pigment and binder.I nt he ATR-FTIR results,t he two binders considered in this study are distinguished by the presence of the phthalic component in the alkyd binder (1254-1069-747-709 cm À1 ). With Raman spectroscopy,this distinction is more detailed, as the different polarizabilities of the two binders molecules lead to am ore specific characterization of the functional groups,w hich are less visible in the ATR-FTIR analysis.R egarding the pigments,inthe case of ATR-FTIR, artificial ultramarine blue is only identified by the vibration of the SiÀObond (981 cm À1 ), while with Raman, it is possible to identify more vibrational modes of the molecule (255-547-1097 cm À1 ). Using this technique,i tis also possible to distinguish artificial ultramarine blue from the natural one. [15] In the case of hydrated chromium oxide green, the identification is more simple by ATR-FTIR spectroscopy,w hich characterizes both the hydrated part of the molecule (3077 cm À1 )a nd the vibration of the oxide bond (547-483 cm À1 ). With Raman, however, this attribution is not yet completely clear and generally,t he two resulting bands are attributed to the hydrated oxide part. [16] Finally,t he cadmium sulfide yellow pigment can only be identified by Raman spectroscopy,a sthisp igment has no absorption bands in the mid-IR region. [23] After qualitative characterization of the materials used for the test samples by ATR-FTIR and Raman spectroscopies,aquantitative analysis method was established. This requires adetailed study of the spectral features that may act as signatures of composition (pigment and binder concentrations). Fort his reason, samples with different pigment/ binder ratios were prepared (Tables 9a nd 10 ) and subsequently analysed by ATR-FTIR and Raman spectroscopy. Them ethod proposed for ap recise and accurate determination of the relative concentration of binders and pigments is common for both techniques and is based on the best possible calibration curves obtained by the homemade reference samples of known pigment and binder concentration. For this,i ti sa ssumed that the area of each spectral band is directly proportional to the concentration of the chemical group associated with it [24] and hence their relationship is represented by as traight line with the equation y = mx. Straight line calibrations can be obtained by linear regression of the experimental points representing the ATR-FTIR or Raman spectral band area versus the relative concentration of the corresponding pigment or binder present in am ixture of reference samples.I th as to be taken into account that the value of the area of any spectral band depends on the choice of the baseline used for the integration. Usually,the baseline for integration is calculated automatically by the specific software of the IR and Raman spectroscopy instruments applied. It is defined on the basis of standard values of the range of the absorption bands in the mid-IR or Raman shifts characteristic of the vibrational mode of the chemical group responsible for the band. To better estimate the quality of the automated baseline integration from the software,i tw as compared to manually choosing the baseline integration, which is discussed later. Figure 1depicts the manually chosen integration range for the ATR-FTIR spectral bands of the test samples (C7-C9, Table 9 ), containing different ratios of acrylic binder (Plextol D498) and hydrated chromium oxide green (PG18) as ap igment. Theg rey areas represent the bands for the main functional groups of the acrylic binder,a nd the green ones represent the bands of the hydrated chromium oxide green pigment. It is clearly visible that with an increasing amount of binder in the mixture (C7 < C8 < C9), the absorption band areas of the pigment decrease.T he same integration procedure was also performed with the obtained Raman spectra ( Figure S5) . All of the different pigment and binder mixtures summarized in Table 9w ere determined and evaluated automatically by software,and the integration of the spectral bands was manually optimized. Thevalues of these calculated spectral band areas are the basis for the calibration curves.T o obtain accurate and precise data for calibration, we propose that the criterion of choice of the integration range of the spectra (either software automated or manually) is one,which allows am aximum value of the correlation coefficient R 2 (acceptability range between 0.95 and 1.00) of the linear regression with zero intercept. This is in agreement with the expected proportionality between band area and concentration of the related chemical species.This entails the narrowest confidence and prediction band.
Thec alibration lines were developed for six different pigment and binder combinations,a nd for each one,f ive different P/BM ratios were considered. Figure 2 . It shows the linear trend for the binder (a) and pigment (b) calculated from the ATR-FTIR spectra which were obtained from 5different test sample mixtures of PG18 and Plextol D498 (Table 9 : C7-C9, GP1, GP3). Thes traight line equation represents the best linear fitting of the points with zero-crossing of the intercept. Thec alibration curves for the other pigments obtained by ATR-FTIR and Raman spectroscopic measurements are shown in Figures S6-S9 .
Once the precision of the calibration model with the test samples was verified, it was possible to validate the proposed quantification method by calculating the different relative binder and pigment concentrations of 12 samples prepared by different operators using the same paint materials with different pigment/binder (P/BM) ratios (Tables 9a nd 10 , Experimental Section, grey part).
As an example for the quantification, the test samples G1 and GP2 (Table 9a nd 10) were analysed by ATR-FTIR and Raman spectroscopies,a nd the integration values were calculated according to the method described before and quantified using the previously obtained straight line calibration. Figure 3presents the values of the relative concentration of the test samples G1 and GP2, which are determined by the correspondence of the band area values via the linear regression. Hence,f rom the measured values of the band area (y-axis), the calculated concentration values (x-axis) are obtained, together with the uncertainty range given by the prediction bands (95 %p robability) of the linear calibration best fit (red lines in Figure 3 ). To estimate the error made in the determination of the relative concentration of each component, the percentage values of discrepancy between the real value and the calculated one are determined (Table 6 ). They vary from 2to3%for the binder and pigment of sample G1 for both ATR-FTIR and Raman measurements and for the pigment of sample GP2 for both techniques.T his indicates ac ontained and well satisfactory dispersion of the data obtained. Examples of the proposed quantitative method applied to test samples made of Plextol D498 acrylic binder + hydrated chromium oxide green pigment analysed by ATR-FTIR;the black lines represent the prediction bands. Each calculated value (P) presents aprediction interval with 95 %p robability to contain the real value (V). The same evaluation for the Raman spectroscopy results can be found in Figure S10 . Table 7s ummarizes the results obtained for the 12 test samples for the validation of the proposed evaluation method. Thel ast column presents the average of the calculated pigment/binder (P/BM) ratio obtained from the calibration linear equation. Ther esults clearly show that the calculated pigment-to-binder ratios match very well the ratios calculated in the preparation of the samples.T he relative concentration values obtained for binder and pigment in the test samples and the percentage variation can be found in Tables S2,S3 .
To further evaluate the accuracyo ft he quantification method proposed, one commercial paint sample was tested. Thes ample was produced by the manufacturer Schmincke and is made of acrylic binder in am ixture of chromium hydrated oxide pigment PG18 (PRIMAcryl, Schmincke) and unknown additives.The manufacturer indicated aP/BM ratio of 1:2.7. Theexperimental procedure performed was the same procedure used for the analysis of the previous test samples. Theb inder and pigment relative concentrations were calculated through the straight line calibration equation previously determined. Thev alues obtained are shown in Table 8 (graphical evaluation:S upporting Information Figure S11 ). Fort he ATR-FTIR analysis,aratio of P/BM 1:2.4 was calculated, and for Raman, 1:2.5 was calculated, which are very close to the values given by the manufacturer.T he discrepancy from the real relative concentrations could be because commercial tube paints also contain additives and other organic constituents which were not considered in the test samples and are also not considered clearly in the description of the commercially available material. From these results,i ti sp ossible to confirm that the proposed quantitative approach is able to determine with good accuracy the relative concentrations of pigment and binder in commercial tube samples.
Ther esults presented suggest that it is possible to use FTIR and Raman spectroscopies to obtain reasonable estimates of pigment/binder ratios,e .g.,r elative concentrations in ap aint film, given asuitable set of reference spectra from the test samples prepared over the range of workable mixture compositions.
Thef irst aim of this work was to carry out aq ualitative analysis using non-invasive spectroscopic techniques,s uch as Raman and ATR-FTIR. Ther esults of this first evaluation allowed identifying and characterizing the spectral features of the different binders and pigments used. This precise identification was of crucial importance to develop af itting quantitative evaluation for different pigments and binders within paint mixtures.T he results impressively show that the real and calculated concentration values have al imited discrepancy in percentages.M oreover,a ll of the concentration values calculated using the calibration equations fell within the prediction intervals.All these parameters indicate that the quantitative model used for FTIR and Raman spectroscopies is valid, reproducible,a nd reliable.T hese findings may extend the utility of IR and Raman measurements in the field of heritage science,bymaking it possible to characterize artists paints in aq uantitative way without sampling. While the proof-of-concept analyses were promising, more detailed studies will be done to estimate the effects of other variables such as surface texture,p igment particle size and layer thickness,w hich were not considered in the present study.However,from the promising results obtained, it is expected that the quantification method presented serves as av aluable tool for the investigation of cultural heritage objects.F urthermore,t hese investigations may contribute to the finding of useful measures for specific conservation and restoration treatments of real art objects and also lead to abetter understanding of the chemical degradation processes of such materials. [25] Experimental Section
Ther eference and test samples were prepared with different pigment-to-binderr atios (P/BM). After weighing the various amounts of binders and pigments (Supporting InformationT able S1), they were mixed with am uller and cast on glass slides.The wet film thickness of these paint samples was 150 mm. In total, 36 samples were prepared,18with Plextol D498 mixed with the three differentpigments,and the same for Alkyd Medium 4. 30 of these samples were used to represent the referencesu seful for developing the quantitative method. Ad etailed description can be found in Table 9 . To verify the precision and the accuracyo ft he straight line calibration developed, additionalt est samples (marked grey), prepared by different operators ( Table 9, Table 10 ), were quantitatively analysed. 
